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Abstract 
New technologies often lead to the development of new materials with better mechanical, thermal and chemical behaviors. 
Recently, transition metals (TM), or aluminide intermetallics, for example TiAl, NiAl, FeAl, and Fe3Al, have attracted 
considerable interest due to their unique properties such as high melting points, enhanced corrosion resistance, relatively low 
density, and utility as soft magnetic materials [Baker and Munroe (1997); Noebe et al. (1993); Sundararajan et al. (1995)]. The 
main problem of these alloys, however, is their limited ductility at ambient temperature especially in presence of water vapor, 
and limited strength and creep resistance at high temperatures. In order to evaluate the reasons of the embrittlement in iron 
aluminides at room temperature, the brand new method of in-situ nanoindentation is used for the Fe3Al intermetallic with a DO3 
structure.  
The results of nanoindentation, under cathodic and anodic charging, show the influence of hydrogen on the reduction of Young’s 
moduli of alloys in agreement with the hydrogen-enhanced decohesion (HEDE) model; whereas measurements of the pop-in load 
indicate a drastic decrease after cathodic charging in samples with low Cr content. This is thought to be due to the decrease of the 
energy needed for homogeneous dislocation nucleation (HDN) in the dislocation free samples based on the Defect Acting Agents
(defactants) concept. Additionally, the effect of hydrogen on hardness or the mobility of dislocations was noted. This paper 
explains in detail some aspects that are necessary for the performance of in-situ nanoindentation.  
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1. Introduction 
Aluminides were originally designed for high temperature use, replacing Ni-based super alloys (SA). They show 
six major advantages for high temperature structural applications over the Ni based super alloys, which are: a) higher 
melting temperatures (Fig. 1a), b) lower densities (Fig. 1b), c) better oxidation resistance, d) lower ductile to brittle 
transition temperature (DBTT), e) similar thermal expansion coefficients with the metals, and f) the components are 
relatively inexpensive since they do not generally incorporate rare and strategic elements [Miracle and Darolia 
(1995); Huang and Chesnutt (1995); Vedula (1995); Briant (1995)]. Three negative features of the intermetallics at 
elevated temperatures are: low strength and creep resistance and higher thermal conductivities. For example, the 
thermal conductivity of NiAl is about 4 to 8 times greater than the Ni base super alloys, depending on temperature 
and composition.  
 
Fig. 1. Mechanical properties of TM- aluminides [Miracle and Darolia (1995); Huang and Chesnutt (1995); Vedula (1995); Briant (1995)]. 
Additionally, at low to moderate temperatures, the intermetallics suffer from poor ductility and fracture toughness 
(Fig. 1c). This feature impedes the wide usage of intermetallics significantly because the machining of alloys (at low 
temperature) becomes very difficult. In the B2 compounds, two slip directions were observed while the slip plane 
remains^ `1 1 0 . 1 0 0  is the slip direction for NiAl and CoAl [Ball and Smallman (1966)] while the slip direction for 
FeAl and Fe3Al is 1 1 1 . This difference influences significantly the ductility of intermetallics. NiAl and CoAl only 
have three independent slip systems, which is less than the minimum number of slip systems needed for plastic flow 
of material in the polycrystalline materials base of the Von Mises criterion [Mises (1928)]. Therefore, no ductility is 
expected for these alloys. Since the number of slip systems in the Fe-Al intermetallics is more than the required five 
independent slip systems, they are more ductile. Liu et al. [Liu et al. (1989)] showed that FeAl is intrinsically 
ductile, since 36.5 at.% Al FeAl was shown to have ductility of 17.6% in dry oxygen. This advantage of iron 
aluminides has led to the consideration of many applications, such as brake disks for windmills and trucks [Blau and 
Meyer (2003)], filtration systems in refineries and fossil power plants [Judkins and Rao (2000)], transfer rolls for hot 
rolled steel strips, and ethylene crackers and air deflectors for burning high-sulfur coal [Stoloff et al. (2000)].  
The iron aluminides also attract a huge interest for substitution with the routine stainless steels at low to moderate 
temperatures. In Fig. 2a, it is shown that the iron aluminides have much higher yield stress for a wide range of 
temperatures, and the cost of production of alloys (Fig. 2b) is much less for such a low-density materials. 
Furthermore, iron aluminides allow for the conservation of less accessible elements, such as nickel and 
molybdenum. While just 10 at.% Al in the binary alloys is enough for making a homogeneous alumina layer [Pöter 
et al. (2005)], increasing the Al concentration decreases the density of materials and enhances the protective oxide 
layer at high temperatures [Prescott and Graham (1992); Tortorelli and Natesan (1998)] and in steam environments 
[Vogel et al. (2010); Pint and Wright (2004)]. Fig. 2c shows increased resistance of iron aluminide against high 
temperature oxidation in comparison with 304 stainless steels. However, existence of high aluminum concentration 
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has some negative side effects. It has been found that some aluminides exhibit decreased elongation (less ductility) 
in air [Liu et al. (1989)] (Fig. 3a). The reaction of the water vapor in the air with the Al atoms at the crack tips 
terminates in embrittlement due to the formation of the high fugacity atomic hydrogen which penetrates the crack 
tips and makes cleavage like fractures (Fig. 3b and c).  
 
 
Fig. 2. (a) Yield stress of Fe3Al (Fe-28Al) in compare with SS304 at 25-800 oC [Morris and Morris (1997)] (b) prices of different alloying elements 
[http://www.indexmundi.com/commodities] (c) Oxidation rate of Fe3Al [Lee et al., (2003)] in compare with SS304 at 1000 oC [Riffard et al., 2002]. 
 
Fig. 3. (a) shows low ductility of Fe-Al aluminides. (b and c) Cleavage like fracture surface of a Fe26Al0.5Cr intermetallic after doing tensile test 
in air. 
2. Hydrogen formation and penetration 
In order to prevent damage, it is essential to understand how embrittlement occurs. First, the corrosion of 
aluminum causes water reduction reaction in aqueous environments or moist containing atmospheres. The 
consequence of the electro-chemical reactions can be written as follows:  
3 +A l 3 e+ A lo  Eq. 1 
2 a d sH O + A l+  2 e A lH +  2 O H
o  Eq. 2 
Next, Hydrogen is adsorbed (Hads) at the metallic surface as atomic hydrogen. Then, a part of atomic hydrogen 
recombines chemically (tafel reaction Eq. 3), or electrochemically (Heyrovsky mechanism Eq. 4) to form molecular 
hydrogen, H2, which leaves the metallic surface [Stroe (2006)]. The molecular hydrogen does not cause severe 
embrittlement, possibly due to its lower activity in comparison to the atomic hydrogen produced from the reaction 
with the water vapor.  
a d s a d s 2A lH + A lH 2 A l+ Ho  Eq. 3 
a d s 2 2A lH + H O + e A l+ H + O H
o  Eq. 4 
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A part of Hads will undergo an absorption (Habs) reaction inside the material (Hads ↔ Habs). The passage of atomic 
hydrogen through the alloy/solution interface depends on the surface coverage (θ) and also the number of available 
sites in the subsurface that the hydrogen can occupy. The consequence is the accumulation of hydrogen under the 
interface, leading to a concentration C0. Density functional theory-local density approximation calculations [Fu and 
Painter (1991)] in addition to periodic density functional theory calculations within the generalized gradient 
approximation [Johnson and Carter (2010)] predicted that hydrogen sits at tetrahedral sites in the bulk FeAl lattice, 
like its interstitial sites in bulk Fe [Hirth (1980)].  
3. Methods to improve the ductility of alloys 
Numerous methods to enhance ductility have been proposed and implemented that include the formation of 
protective oxide layers on surfaces by pre-oxidizing of samples; grain structure refinement by either thermo-
mechanical treatment or second-phase particles (alloying with Zr, B and C to form zirconium borides and carbides) 
are other methods being used. The other, more popular, method to increase the ductility of alloys, is addition of 
ternary alloying elements like chromium. McKamey et. al [McKamey et al. (1989)] observed an approximate 8-10% 
increase in ductility at room temperature with the addition of  6 at.% chromium. In general, the reasons for the 
increased ductility are thought to be caused by i) the influence of Cr on the bulk properties of binary alloys, like 
facilitating the dislocation cross slipping, solid solution softening and an increment in cleavage strength of alloys 
[McKamey et al. (1989)], and/ or ii) the effect of Cr on the surface properties through contribution into the passive 
layers and the decrement of the kinetics of water reduction reactions and, hence, the reduction of hydrogen 
formation/adsorption [McKamey and Liu (1990); Balasubramaniam (1996); Stoloff and Liu (1994)]. In this paper, 
the target is more in-depth analysis of the behavior of Cr containing alloys, because successful application of Fe3Al– 
xCr alloys in industry strictly depends on our fundamental understanding of the effect of alloying elements on their 
mechanical and electrochemical properties, in different environments. 
 
4. Electrochemical nanoindentation 
During the last two decades, introduction of nanoindentation techniques opened a new era in mechanical testing 
methods. Small volume of the sample required making an indentation, fast and reproducible results in the case of the 
properly prepared samples and imaging possibility of the system for pre- and post-indentation analysis of the surface 
make nanoindentation a very efficient method [Barnoush and Zamanzade (2012); Zamanzade et al. (2013)]. The 
technique was first applied for the investigation of thin films [Hainsworth et al. (1998); Korsunsky et al. (1998)] and 
small length scale effects [Ma and Clarke (1995); Nix and Gao (1998)]. Recent studies have involved indentation in 
a variety of environments, including immersion in liquids [Barnoush and Vehoff (2006); Barnoush and Vehoff 
(2008); Barnoush and Vehoff (2008); Barnoush and Vehoff (2010); Barnoush et al. (2010)] and high and low 
temperatures [Lucas and Oliver (1999); Beake et al. (2003); Schuh et al. (2005)]. This allows for the measurement 
of mechanical behavior in simulated environments. Nanoindentation of the Fe3Al-xCr was preformed, while they 
were electrochemically charged with hydrogen, to investigate, directly, the hydrogen effect on nano-mechanical 
behavior (bulk properties) [Zamanzade et al. (2014)]. For this reason, we developed a novel method called in-situ 
electrochemical nanoindentation (ECNI) as shown schematically in Fig. 4a. During the test, the entire sample was 
immersed in a borate buffer solution. Due to the remote force sensing method of the nanoindentation technique 
(with transducer) and the sensitivity of the electronics, only a part of the tip could be immersed in the solution. For 
this reason we customized the form of the tip. The large length of the shaft, made from Ti, allows the end of the tip 
to be completely immersed in a fluid, while the tip holder and transducer remain in the air. The electrochemical cell 
developed for conducting ECNI (Fig. 4b) consists of three electrodes, which are designed and produced to fit into 
the nanoindenter chamber. Nanoindentation was conducted inside this cell while the sample was covered with 
approximately 5 mm of electrolyte. A platinum plate was used as a counter electrode and the reference electrode, 
made of Ag/AgCl, was used to control the electrochemical potentials. Special tubing was used to inject a deaerated 
solution into the electrochemical cell (Fig. 4a).  
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Fig. 4. (a) A schematic of the in-situ electrochemical nanoindentation setup; (b) electrochemical cell; nanoindentation of samples at anodic and 
cathodic potentials (c) Fe26Al  and (d)Fe26Al5Cr. 
 
A very low depth of indentation (Fig. 4c and d) assures the hydrogen saturation after a few minutes, even though 
the diffusion rate is very low in iron aluminides. Since the ECNI measures the nanomechanical properties just below 
the surface, it is a surface sensitive technique. Therefore, we were especially careful in keeping the surface condition 
of the samples, with different Cr content, as comparable as possible. Surface parameters were kept constant and 
unchanged with the following precautions: (1) in all samples, the indents were performed in the grains with similar 
(001) normal orientation. (2) The ex-situ and in-situ indents for each sample were performed in an identical grain. 
(3) The surface roughness at different potentials was always checked before performing nanoindentation with the 
scanning probe microscope (SPM) mode of our nanoindenter, and checked for its consistency against the freshly 
electro-polished surface roughness values. (4) By selecting the anodic polarization at 500 mVSHE the Al3+ enriched 
passive layer was stabilize for all samples and remained stable during the course of the ECNI tests. (5) In order to 
have a similar hydrogen charging condition (HER and/or hydrogen uptake and transfer through the passive layer), 
the hydrogen charging was done in galvanostatic mode by application of 100 μA/cm2 cathodic current density. (6) 
Due to the importance of the cleanliness of different parts of the setup, the borate buffer solution was prepared from 
analytical grade compounds and double distilled water. Prior to the tests, the electrochemical cell was cleaned in 
piranha acid, which is a warm mixture of three parts sulphuric acid (H2SO4) and one part hydrogen peroxide (H2O2). 
Because the mixture is a strong oxidizer, it will remove most organic matter, and it will also hydroxylate most 
surfaces, making them extremely hydrophilic and water compatible. The tip was also cleaned carefully before each 
test in a mixture of ethanol and isopropanol, and then in double distilled water. (7) Controlling the current 
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distribution and homogeneous charging of materials is highly important. A uniform current distribution in a 
miniature electrochemical cell, with small amounts of solution, is hard to achieve. Furthermore, inhomogeneous 
current distribution may cause overprotection (strong hydrogen bubbling) at places close to counter electrodes; 
while the potential of the area far from counter electrodes is less. This was the motivation behind optimizing the 
form of cells, as well as the tips. (8) Controlling the pH of the solution is essential. The buơer capability of borate 
solution prevents a rapid increase in local pH of the solution. It was also shown that Al3+ ions could form complex 
ions such as   3
4 6
A l B O H
ª º¬ ¼  which consume many OH
¯ ions. These factors probably suppress the alkalization and, 
thus, dissolution of the aluminum oxide film. Additionally, we decreased the applied cathodic current and, hence, 
the limit of the reduction reaction and the production of OH¯. Furthermore, we tried to pump solution in and out of 
the cell in order to have fresh conditions during the in situ nanoindentation measurements. High-resolution SPM 
images show very homogeneous surface qualities after the application of low currents to the samples. Very small 
current density in both materials during the anodic scanning of the potential indicates that there is no active anodic 
oxidation reaction. In other words, the passive oxide layer cannot be reduced completely with the application of 
cathodic potential. (9) Submersion of a part of the tip in solution may result in the formation of different variable 
forces, like meniscus buoyancy acting on the tip during the experiment [Barnoush (2007)]. (10) Performing tests in a 
Cl¯ free solution is important. The high susceptibility of iron-aluminum alloys to pitting corrosion in the Cl¯ 
containing solutions was established earlier [Zamanzade and Barnoush (2014)]. Corrosion and/or re-deposition of 
the corrosion products could produce surface roughness, which would influence the quality of the results. (11) 
Controlling the oxygen content of the solution is necessary. One problem during in-situ electrochemical 
nanoindentation is dissolved oxygen in the liquid, which can influence the electrochemical processes. In 
electrochemical experiments, the usual practice is to bubble an inert gas, e.g. argon or nitrogen, inside the solution to 
remove the oxygen and inhibit the dissolution of oxygen. In our experiments, this practice was not possible; 
therefore, we put the whole system inside a protective atmosphere, and the electrolytes were deaerated externally 
before each experiment.  
The results of ECNI measurements show that the hydrogen charging of sample cause decrement of i) shear 
modulus of materials (it may be due to the weakness of interatomic bonds [Rose et al. (1981); Rose et al. (1983); 
Rose et al. (1984)]), ii) energy for dislocation nucleation, and iii) mobility of dislocations [Zamanzade et al. (2014)].  
All the aforementioned parameters are key components of a ductile to brittle fracture transition [Hirsch and Roberts 
(1991)]. Decrease of the shear modulus as a result of hydrogen ingress can relate to the reduction of the energy we 
need for production of new surfaces during the crack growth, as predicted by the HEDE mechanism. On the other 
hand, it was shown that the presence of hydrogen controls the multiplication, or movement of dislocations in 
agreement to the defactants, hydrogen enhanced local plasticity (HELP) models and etc. However, the magnitude of 
the influence of hydrogen on the mentioned items is different for various intermetallics. Our results show that the 
alloys with high concentrations of chromium exhibit higher friction stress after hydrogen charging, but in the case of 
alloys with low chromium concentrations, the main influence of hydrogen is on the dislocation nucleation process. 
Binary alloys, however, are very sensitive to hydrogen embrittlement because of the strong reduction of the energy 
needed for HDN after hydrogen charging. All in all, our experimental results show that the shielding effect of 
dislocations will decrease after hydrogen charging. Finally, it favors the cleavage fracture of alloys. It shows that the 
mechanism of dislocation shielding should be considered for analyzing the fracture characteristics of Fe3Al in 
atmospheres containing hydrogen.  
5. Concluding remarks  
Conventional mechanical tests are costly, time consuming, and due to their large scale, not very successful in 
obtaining mechanistic information. Therefore, the in-situ nanoindentation technique was performed to observe the 
impact of hydrogen on the mechanical properties and sensitivity of intermetallics to hydrogen embrittlement. The 
decrement of Young’s modulus and dislocation mobility was observed at cathodic potentials. Hydrogen also 
decreases the pop-in load and gibbs free energy needs for homogeneous dislocation nucleation, especially in 
samples with low Cr content; a sign of increased sensitivity to HE in Cr free alloys. This is thought to be due to the 
decrease of the energy needed for HDN in the dislocation free samples, based on the DEFect ACTing AgeNTS 
(defactants) concept. Increase of the measured hardness or decrease of the mobility of dislocation is another effect of 
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hydrogen charging. In short, our experimental results show that the adsorption of hydrogen will ease nucleation of 
sessile dislocations.  
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